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Two-dimensional electron systems with fascinating properties exist in multilayers of standard
semiconductors, on helium surfaces, and in oxides. Compared to the two-dimensional (2D) electron
gases of semiconductors, the 2D electron systems in oxides are typically more strongly correlated
and more sensitive to the microscopic structure of the hosting lattice. This sensitivity suggests
that the oxide 2D systems are highly tunable by hydrostatic pressure. Here we explore the effects
of hydrostatic pressure on the well-characterized 2D electron system formed at LaAlO3-SrTiO3
interfaces1 and measure a pronounced, unexpected response. Pressure of ∼2 GPa reversibly doubles
the 2D carrier density ns at 4 K. Along with the increase of ns, the conductivity and mobility
are reduced under pressure. First-principles pressure simulations reveal the same behavior of the
carrier density and suggest a possible mechanism of the mobility reduction, based on the dielectric
properties of both materials and their variation under external pressure.
PACS numbers: 73.40.-c,62.50.-p,73.20.-r,77.22.Ch
I. INTRODUCTION
Pressure is a powerful tool to study and tailor the
properties of solids (for reviews, see e.g. Refs. 2,3). In
state-of-the-art field effect transistors, for example, epi-
taxial strain is applied to enhance the electron mobility
in silicon and thereby to raise the switching speed. In
quantum cascade lasers, layer-straining is used to tai-
lor the band structure for optimal performance.2 Hydro-
static pressure has furthermore been applied to induce
superconductivity in H-S compounds with reported tran-
sition temperatures as high as 203 K.4 Striking changes
of the electronic properties upon application of pressure
have also been found in oxides, which due to their struc-
tural degrees of freedom are intrinsically even more sen-
sitive to lattice strain than conventional semiconductors.
To give but a few examples, crystal fields, orbital oc-
cupancy, polarizations, and exchange coupling in oxides
are influenced substantially by slight distortions of ionic
sublattices. Pressure-induced changes of the structural
and electronic properties have been investigated exten-
sively in bulk oxides and have been demonstrated for thin
films. By applying an epitaxial biaxial strain of ∼0.9%,
for example, nominally paraelectric SrTiO3 films have
been turned into ferroelectrics with a Tc of 293 K.
5 The
study of the effects of epitaxial strain in LaAlO3-SrTiO3
heterostructures revealed that the critical thickness of the
LaAlO3 layer required to generate the 2D electron sys-
tems (2DES) and their carrier concentration depend on
the epitaxial strain of the SrTiO3.
6–8 To open a new route
for the exploration of the electronic properties of complex
oxides under tunable uniaxial and biaxial stress, a novel
piezo-based technique is currently being developed.9
Uniaxial and biaxial stress change the shapes of the
unit cells but alter their volumes only little. For this
reason, they do not provide an option to explore and
benefit from those electronic effects that are induced by
volume changes of the unit cell. These changes are ac-
cessible and have been explored by applying hydrostatic
pressure. For example, in cuprate high-Tc superconduc-
tors the record Tc of 164 K was induced by a pressure of
15 GPa,3,10 which enhanced the charge transfer between
the CuO2 layers and off-layer structural units. More re-
cently, the Curie temperature of SrRuO3 films was re-
duced from 150 to 77 K by applying hydrostatic pres-
sure up to 23GPa.11 In bulk n-doped SrTiO3 a non-
monotonic dependence of carrier density and mobility
was measured in pressure ranges ≤1 GPa.12 Whereas
the above-mentioned studies of the effects of hydrostatic
pressure on oxides focused on the properties of three-
dimensional electron systems, we study here the pressure
effects on a 2DES.
The 2DES at the interface between LaAlO3 and
SrTiO3, two band insulators, has been widely investi-
gated since its discovery in 2004.1 It has served as a model
system to study the origin of conducting layers at oxide
interfaces and has shown a rich phenomenology, includ-
ing the coexistence of magnetism and superconductivity
(for an overview, see, e.g. Ref. 13). A polar discontinu-
ity develops at the interface between TiO2-terminated,
(001)-oriented SrTiO3 and LaAlO3. For LaAlO3 layers
with a thickness exceeding 3 unit cells (u.c.),14 the result-
ing electric field moves charge carriers from the surface
of the LaAlO3 to the interface, where an n-type 2DES
is formed for the TiO2 termination of SrTiO3. The for-
mation of the 2DES and its properties can be influenced
2by the presence of defects such as oxygen vacancies (for
an overview, see e.g. Refs. 15–17). At ambient pressure
the electrons at the interface occupy the t2g Ti 3d levels,
split by 50 meV into low-energy dxy and higher-energy
dxz and dyz bands.
18,19
Pressure acting on perovskite-related oxides com-
presses bonds and modifies the internal structural param-
eters. For the LaAlO3-SrTiO3 bilayers, the hydrostatic
pressure superimposes the stress resulting from the lat-
tice mismatch of ∼3% and decreases it. The influence
of epitaxial strain on the 2DES was addressed in first-
principles model calculations of surface-free heterostruc-
tures by Nazir et al.7,8 and experimentally by Bark and
collaborators.6 The latter group found that while the car-
rier concentration is reduced in compressively-strained
SrTiO3 as a result of dipole formation within the SrTiO3,
no 2DES is formed on tensile-strained SrTiO3. These re-
sults immediately lead to the question of how the inter-
face 2DES is modified by hydrostatic pressure. Owing to
the unit-cell compression it may significantly differ from
the response to epitaxial strain.
In this work we combine experimental observations
with first-principles electronic structure calculations to
study the effect of pressure on the microstructure of the
LaAlO3-SrTiO3 interface and its implications on the elec-
tronic properties of the 2DES (see Fig. 1). We find that
the lattice reconstruction in the LaAlO3 film, which acts
against the interface charge, is partially suppressed by
the external pressure thereby reducing the lattice screen-
ing of the polar discontinuity and enhancing charge trans-
fer towards the oxide interface. This mechanism sheds
light on the reversible increase of the carrier concentra-
tion of the 2DES measured in transport experiments up
to ∼2 GPa. This observation has been also confirmed
in recent independent experimental work by D. Fuchs et
al..20 Furthermore, our calculations of static dielectric
properties in LaAlO3 and SrTiO3 under pressure indi-
cate a reduction of carrier mobility as observed in our
measurements. The behavior of this oxide system is op-
posite in sign to the pressure response of semiconductor
FIG. 1: Illustration of the atomic structure of the LaAlO3-
SrTiO3 interface. Panel (a) shows a sketch of the heterostruc-
ture with the 2DES at the interface marked in yellow. Panel
(b) illustrates the displacements ∆z(LaO) of the La3+ and
O2− ions in the LaO sublayer and of the Al3+ and O2− ions
in the AlO2 sublayer, ∆z(AlO). Hydrostatic pressure reduces
∆z(LaO) and ∆z(AlO). The much smaller ionic displace-
ments in the SrTiO3 are not indicated.
quantum wells,21 where the carrier concentration is found
to decrease with increasing pressure (see Fig. 13 in the
Supplement). Our findings reveal that, in contrast to
biaxial strain, hydrostatic pressure is a suitable tool for
enhancing the carrier density of the 2DES in this oxide
system.
II. METHODS
A. Sample growth, pressure cells and transport
measurements
Samples were grown by pulsed laser deposition from
single-crystal LaAlO3 targets onto TiO2-terminated
SrTiO3 single-crystal substrates at 800
◦C and
8 × 10−5 mbar O2 partial pressure followed by two
annealing steps at 600◦C and 400◦C for 1 h at 400 mbar
of O2 partial pressure. The thickness of the LaAlO3 layer
was monitored by in-situ reflective high-energy electron
diffraction. Samples were patterned into van der Pauw
configurations and into 100 µm-wide Hall bridges by
optical lithography and Ar ion sputtering, with electron-
beam evaporation used to deposit Ti-Au contacts into
the buried electron system (Fig. 2(a),(b)). Patterning
and contacting was done as described in Ref. 22, except
for using 50 nm of polycrystalline and 6 unit cells of
epitaxial LaAlO3. Hydrostatic pressure was applied
using either a diamond anvil cell or a piston cylinder
cell. In the diamond anvil cell transport measurements
the heterostructure samples are encased between the
small tips of the diamonds. Therefore, several series
of LaAlO3-SrTiO3 samples were fabricated and cut to
typical sizes of 350× 350×65 µm3 (Fig. 2(a),(c)). As
the piston cylinder cell allows larger samples, the typical
size of the samples used for the piston cell measurements
was the 1× 1×0.2 mm3 (Fig. 2(a),(b)). Control mea-
surements confirmed that the sample properties were
not affected by the cutting (see Supplement Fig. 14).
As illustrated in Fig. 2(d), we used diamonds of 1.25
and 1.5 mm tip diameters. Inconel gaskets (250 µm
thick) were pre-pressed, drilled, and then insulated with
a mixture of Stycast 1266 and Al2O3 powder. The gasket
hole had a diameter of between 850-900 µm and an initial
height of 170-200 µm. The cleaned diamond surface of
the lower anvil was patterned with a metallic trilayer (50
nm Ti/50 nm Pt/500 nm Au) by electron-beam evapo-
ration through a stainless-steel shadow mask. Contacts
were annealed in vacuum at 650◦C for 20 min. Daphne
7373 oil was used as pressure medium; the pressure was
measured using ruby luminescence. Measurements with
a piston cylinder cell (Almax Easy Labs) were also per-
formed using a manganin coil as pressure sensor and
Daphne 7373 as pressure medium.
To avoid photo-excited carriers, all transport measure-
ments were performed in darkness, after keeping the sam-
ples dark for at least 12 h. Prior to the application
of pressure, all samples were characterized by transport
3FIG. 2: (a) Optical microscopy image showing samples for
both a diamond anvil cell (small sample) and for the pis-
ton cylinder cell (large sample). Both samples are in a van-
der-Pauw configuration. (b) Optical micrograph of a sam-
ple with a patterned and contacted Hall bar. The sample is
1× 1×0.2 mm3 in size and the Hall bar is 100 µm wide. (c)
Optical micrograph of a sample placed on the bottom dia-
mond of the diamond anvil cell patterned with the Ti/Pt/Au
trilayer. The four metallic contacts of the sample (visible
through the translucent substrate) touch the four electrodes
of the diamond tip. (d) Sketch of the diamond-anvil cell setup.
The gasket hole has a diameter of 0.85-0.9 mm. Ti/Pt/Au
electrodes evaporated on the lower diamond serve as leads to
contact the sample.
measurements. Measurements were carried out in the van
der Pauw configuration with lead permutations, and in
a Hall bar configuration. Measurement currents were 1-
5 µA at room temperature and 10 µA at low temperature
for both the van der Pauw samples and the Hall bridges.
The power dissipated at the current leads was less than
2 µW. Carrier density values were extracted from the
Hall signals taken with decreasing and increasing tem-
perature. For the diamond-anvil-cell measurements, the
pressure was increased in steps of ∼0.2 GPa, followed by
a 1-2 h waiting time for the pressure and its effects to be-
come steady. Temperature, pressure, and resistance were
constantly monitored to follow the stabilization process,
which we found to depend on the size of the pressure
change and on the sample. For the piston-cylinder-cell
measurements, the pressure was increased at room tem-
perature with an oil press in steps of ∼2 MPa. The pres-
sure was monitored via the resistance change of a man-
ganin wire inside the sample chamber. At the desired
pressure values, the piston cylinder cell was mounted
in a physical properties measurement system (PPMS by
Quantum Design) for the transport measurements.
B. First principles calculations
To study the n-type LaAlO3-SrTiO3 (001) in-
terface in the thin film geometry, we constructed
(LaAlO3)n/(SrTiO3)m/(LaAlO3)n supercells with two
symmetric TiO2/LaO-terminated interfaces and different
number of oxide unit cells along the [001] axis (n = 3− 6
and m = 8.5, 20.5) and (1× 1) in-plane dimensions. Cal-
culations for (
√
2 × √2) in-plane dimensions were also
performed for some test cases. The case of n = 5 and
m = 8.5 is presented in Fig. 3(a) where half of the super-
cell is depicted. The other half is obtained using the mir-
ror symmetry with respect to the center of the SrTiO3
slab (mirror plane). We considered the stoichiometric
case with no defects or vacancies. A vacuum layer of
more than 25 A˚ was inserted to prevent any spurious
interactions between the periodic images as in previous
slabs calculations.23,24 The imposed mirror symmetry of
the supercell reduces the effect of a build-up dipole due
to the formation of the 2DES at both interfaces. P = 0
internal coordinates and lattice vector relaxations were
done using a Γ-centered (8 × 8 × 1) Monkhorst-Pack k-
mesh which provided atomic positions converged within
1.5× 10−3 A˚. Ionic forces in the relaxed structures were
less than 25 meV/A˚.
Electronic properties of this system were calculated us-
ing density functional theory and projector-augmented
wave basis25 as implemented in VASP.26,27 Electronic
wavefunctions were expanded into plane waves up to
the cutoff energy of 450 eV. The generalized-gradient
approximation28 to the exchange-correlation energy was
applied in combination with the GGA+U scheme29 to
treat electronic correlations for strongly localized 3d and
4f states. For this purpose, we chose Ueff = 4 eV for the
Ti 3d and Ueff = 8eV for the La 4f orbitals, which is con-
sistent with the values often stated in the literature. The
latter values were used in order to place the La 4f empty
orbitals at the correct energies.30 The electronic density
of states was calculated using the tetrahedron method31
on a finer (16×16×2) mesh. Layer-resolved local carrier
densities are calculated by integrating the site-projected
densities of states in each oxide layer.
III. ZERO-PRESSURE SIMULATIONS
Since the 2DES is extremely sensitive to lattice re-
laxations —a phenomenon seldom discussed in previous
works— we first performed structural optimizations at
P = 0 by relaxing all internal coordinates and the lat-
tice vectors. The angles between the lattice vectors re-
main 90° due to the lattice symmetry. For (1 × 1) in-
plane dimensions of the supercell, only displacements
along the [001] axis are allowed. We observe that the
relaxation procedure reveals a significant reconstruction
of the lattice and of the electronic properties already
at the level of relaxation of atomic coordinates along
[001] only (without volume relaxation), as can be ob-
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FIG. 3: (a) Half of the (LaAlO3)n/(SrTiO3)m/(LaAlO3)n supercell (n = 5, m = 8.5) representing the ideal (panel (1))
and fully relaxed (panel (2)) TiO2/LaO-terminated n-type interface (vacuum side is not fully shown here). The interface
unit cell of SrTiO3 is labeled by IF, and the others by (IF±1), (IF±2) etc. Structure figures have been produced with
vesta3.32 (b) Ionic displacements in AO (A = Sr, La; open symbols) and BO2 (B = Ti, Al; filled symbols) oxide layers of the
(LaAlO3)5/(SrTiO3)8.5/(LaAlO3)5 slab relaxed internally with fixed a⊥ = 3.905 A˚. Positive values on the right of the figure
correspond to La and Al cations shifting above the oxygen ions, i.e. closer to the vacuum on the corresponding side of the
slab. Due to the imposed mirror symmetry of the supercell, the ionic displacements on the left side of the structure have the
opposite signs compared to the right side. (c,d) Unit-cell resolved charge distribution in the (LaAlO3)5/(SrTiO3)8.5/(LaAlO3)5
slab for the (c) unrelaxed and (d) internally relaxed structures with a⊥ = 3.905 A˚. Each bar on the plots represents an oxide
layer unit cell. “Negative” values correspond to n-type carriers (electrons in the conduction band of SrTiO3) and “positive”
values to p-type carriers (holes in the valence band of LaAlO3). In the SrTiO3 film, the darker blue bars show the contribution
of the dxy states, compared to the total local charge (light-blue bars). The charge summed over all layers of SrTiO3 and both
LaAlO3 films is indicated on top of each panel.
served in Fig. 3(b,d). These figures show results for
the (LaAlO3)n/(SrTiO3)m/(LaAlO3)n supercell (n = 5,
m = 8.5) with fixed in-plane lattice parameter a⊥ =
3.905 A˚.
The unrelaxed slab displays a 2DES strongly localized
at the interface (Fig. 3(c)), showing almost equal occu-
pations of Ti dxy and dxz/dyz orbitals. Their carrier
density is large, approximately 0.3 e−/u.c.. Optimiza-
tion of the internal atomic positions changes this picture
drastically (Fig. 3(d)). The observed shift of electronic
states in LaAlO3 becomes smaller, 0.35 eV per unit cell
(Fig. 15(b)). Simultaneously, the charge density at the
interface is considerably reduced to 0.1 e−/u.c., much less
than the expected charge transfer of 0.5 e−/u.c. accord-
ing to the polar catastrophe picture in its most simplified
version. As a matter of fact, there is a large amount of
both theoretical and experimental studies in the litera-
ture that argue about the origin of this discrepancy (for
a review, see Ref. 33). Possible explanations include va-
cancy formation, cation disorder and lattice reconstruc-
tion. In this paper, we report mainly on this last mech-
anism, especially in view of our experimental findings
regarding pressure effects where we find similar carrier
densities∼ 0.1–0.2 e−/u.c. for the 2DES, also under pres-
sure. We also find that after relaxation, the LaAlO3 film
becomes distorted compared to the perfect cubic struc-
ture, and adopts a tetragonal symmetry, in agreement
with previous studies.34,35 This happens because of the
lattice mismatch between LaAlO3 and SrTiO3 which cre-
ates, already at ambient pressure, a strong tensile strain
in the LaAlO3 film. More importantly, positively charged
ions (La and Al) are shifted by ≈ 0.2–0.3 A˚ relative to
the negative oxygen ions which is reminiscent of a typi-
cal displacive ferroelectric transition. The same picture
holds for the SrTiO3 substrate where the displacements
∆z, defined as ∆z = zcation − zoxygen, have the opposite
5direction and a much lower value. The distribution of the
ionic displacements in the whole heterostructure is shown
in Fig. 3(b) (see Fig. 1(b) for a sketch of the interface).
In general, such a reconstruction pattern screens the
interface charge that builds the 2DES. This can be con-
cluded from the sign of the ∆z in LaAlO3 and SrTiO3
(see Fig. 3(b)). In the LaAlO3 film, the dipole moment
related to the ionic displacements creates a depolarizing
electric field directed towards the interface, the same as
in the SrTiO3 substrate. This pushes electrons away from
the interface and reduces the accumulated charge. How
this becomes important in the case of non-zero external
pressure will be discussed further below.
Strictly speaking, the aforementioned internally re-
laxed structure does not exactly simulate the zero-
pressure case because of the mismatch between the the-
oretical and experimental values of the in-plane lattice
parameter. In view of the sensitivity of the electronic
structure to the possible lattice and atomic reconstruc-
tions, we fully relaxed both the lattice vectors and the
internal coordinates which leads to a change of the in-
plane lattice parameter a⊥ from 3.905 A˚ to 3.891 A˚.
53
This slight contraction of the lattice causes only a small
reduction of the 2DES density. The orbital character and
the overall localization of the relevant states remain un-
changed. The main features of the metal-insulator transi-
tion in this system vs. the LaAlO3 thickness are the same
for the internally and fully relaxed slabs (Fig. 16). These
simulations reproduce the formation of the 2DES starting
from 4 LaAlO3 unit cells. Above the critical thickness,
the 2DES density grows continuously with the thickness
of the LaAlO3 film, in agreement with the polar catastro-
phe scenario. We also investigated the effect of oxygen
octahedra tiltings using supercells with
√
2×√2 in-plane
dimensions. Fully relaxed
√
2×√2 structures with 3 and
5 unit cells of LaAlO3 were compared at zero pressure to
the structures without tilting. These simulations show
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FIG. 4: Charge distribution in the fully relaxed
(LaAlO3)5/(SrTiO3)20.5/(LaAlO3)5 slab at zero pressure.
Contribution of the dxy states is shown by the dark-blue bars.
that the LAO/STO interface with 3 LaAlO3 u.c. remains
insulating in the presence of octahedra tiltings and the
heterostructure with 5 LaAlO3 u.c. is metallic as before.
One last note regarding the P = 0 results is that
the lattice reconstruction enhances the weight of the dxy
states at the interface and that of the dxz/dyz states to-
wards the middle of the SrTiO3 slab. This leads to a de-
localization of the 2DES which spans the whole SrTiO3
film with 8.5 u.c. (Fig. 3). Considering larger slabs with
20.5 u.c. of SrTiO3 (Fig. 4) clearly reduces the occupa-
tion of the Ti dxz/dyz orbitals in the middle of SrTiO3.
The 2DES at the interface is again composed mainly of
the Ti dxy orbitals. Our results indicate that at least
7 u.c. of SrTiO3 on each side of the heterostructure are
necessary to accommodate the quasi-2D electronic states
and, at the same time, leave a bulk-like region in SrTiO3.
The same applies to the structural distortions, which de-
cay in SrTiO3 towards the middle of the slab (Fig. 17),
but, in general, show similar features observed in the
smaller slabs. In addition, the fully relaxed heterostruc-
ture with 20.5 SrTiO3 u.c. has a larger in-plane lattice
constant (3.92 A˚) than the slab with only 8.5 SrTiO3 u.c.
(3.89 A˚). This shows that the in-plane lattice parameter
in these simulations would approach the theoretical es-
timate for the bulk material (3.94 A˚ in Ref. 36) in the
limit of a very thick SrTiO3 film. More importantly, we
find that the integrated charge of the slab with 20.5 u.c.
of SrTiO3 is already well reproduced by the smaller su-
percell with 8.5 u.c. of SrTiO3. This gives us confidence
in performing the pressure simulations with the compu-
tationally less costly smaller slabs.
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FIG. 5: Sheet resistance of the 2DES in a LaAlO3-SrTiO3
heterostructure measured at room temperature as a function
of pressure. The LaAlO3 layer of these samples is 5 u.c. thick.
Lines serve as a guide to the eye. Experimental errors fall
within the symbol size.
6IV. EFFECT OF PRESSURE
A. Experimental results
The effect of P on the room temperature (RT) con-
ductivity of the 2DES at the interface between LaAlO3
and SrTiO3 is shown in Fig. 5. Pressure produces a
smooth decrease in the sheet resistance of the 2DES,
which amounts to ∼30% for the maximum 2.44 GPa
achieved in the diamond anvil cell setup. The pressure-
induced monotonous and smooth resistance decrease at
room temperature (∼14% at 1 GPa) was shown by all
samples (∼10). As shown in Fig. 5, the change of resis-
tance with pressure is a reversible process. Also, cycling
to 4 K under pressure was not found to cause irreversibil-
ities. The observed reversibility and reproducibility indi-
cate that we measure the intrinsic response of the 2DES
to P . The decrease in resistance upon increasing P at
RT hints at a decrease of the electron-phonon scatter-
ing caused by pressure-induced phonon hardening. To
unravel the effects of pressure on the intrinsic electronic
properties of the interface we measured the effects of hy-
drostatic pressure on the 2DES at low temperatures. For
clarity, we focus in the following discussion on the be-
havior at the lowest temperature used, 4 K, and examine
the room-temperature behavior in the Supplement (see
Fig. 18).
Whereas the sample resistance decreases with pressure
at 300 K, hydrostatic pressure increases the resistance
slightly at low temperatures (Fig.6(a)). Multiple sam-
ples consistently exhibit this increase in sheet resistance
at 4 K, both in van der Pauw and Hall bar configurations.
The extent of the increase of resistance at 4 K, however,
can vary, presumably depending on the quality of the
sample (see the Supplement Fig. 19 and Fig. 20 for more
details). The increase of the sample resistance goes hand
in hand with a reversible doubling of the sheet carrier
density ns (Fig. 6(b)). As a side note it is worth men-
tioning that magnetic field sweeps beyond ±3 T reveal
in this magnetic field range an obvious multiband be-
havior consistent with the high carrier density shown by
these samples and in agreement with other studies.37 At
smaller fields the characteristics are pronouncedly more
linear (Fig. 21 in the Supplement). The trend observed
under P is nevertheless captured by the simplified one-
band analysis shown in this work.54 The measured in-
crease of ns is compensated by a large pressure-induced
reduction of the mobility µ (Fig. 6(c)). Interestingly, a
comparable relation between ns and µ was revealed in a
study by Y. Xie and coworkers.38 In that work, modifica-
tions of the LaAlO3 surface led to an inverse proportion-
ality between ns and µ. Recent pressure experiments by
D. Fuchs et al. in LaAlO3-SrTiO3 bilayers provide ev-
idence of a similar response of the carrier density and
mobility to hydrostatic pressure.20 Note, however, that
the sample from Ref. 20, grown at lower temperatures
and oxygen partial pressures, is intrinsically different to
the ones investigated here. With a LaAlO3 layer five
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FIG. 6: Measured transport properties of the LaAlO3-SrTiO3
2DES as a function of hydrostatic pressure. (a) Sheet resis-
tance, (b) sheet carrier density and (c) carrier mobility of two
LaAlO3-SrTiO3 heterostructures measured at 4 K as a func-
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For clarity, only those error bars that exceed the bullet size
are drawn. The corresponding properties of the samples mea-
sured at room temperature are recorded in the Supplement.
times thinner, our samples are twice as conducting and
have a larger carrier density at ambient pressure.
In order to clarify the mechanism behind the drastic
changes of the 2DES observed in our experiment, we pro-
ceed in what follows with our ab initio DFT-based theo-
retical investigation.
B. Results of the simulations
Starting from the fully relaxed structure with a⊥ =
3.891 A˚, which corresponds, in our calculations, to zero
external pressure,55 we investigate the effects of hydro-
static pressure by scaling down the lattice vectors by a
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the results of scaling-only simulations of pressure, and filled
symbols demonstrate the effect of the additional internal re-
laxation under pressure. (b) Relative change of the ionic
displacements δ(∆z) = (∆z′ − ∆z)/∆z × 100% in different
layers of the fully relaxed (LaAlO3)5/(SrTiO3)8.5/(LaAlO3)5
heterostructure (only half of the cell is shown) in response
to hydrostatic pressure; open symbols represent the AO lay-
ers and filled symbols – the BO2 layers; ∆z
′ stands for ionic
displacements at the considered pressure (P 6= 0), ∆z corre-
sponds to zero pressure.
certain percentage δ = ∆a⊥/a⊥×100% and we first keep
fixed the internal atomic positions. Values of δ equal
to 0.5% and 1.0% correspond to the application of an
isotropic pressure of P = 2.0 GPa and P = 4.1 GPa, re-
spectively, as determined from the ab initio stress tensor.
This simple procedure does not reveal any changes in the
2DES distribution and density as a function of pressure,
as depicted in Fig. 7(a) (empty symbols). We then per-
form a further relaxation of internal coordinates (keep-
ing fixed the AlO2 surface layers positions
56) in order
to describe possible lattice reconstructions under applied
pressure. Our results indicate that this additional relax-
ation has a large impact on the 2DES density (Fig. 7(a)
(full symbols)). First of all, it leads to sizable changes of
the ionic displacements in both materials as presented in
Fig. 7(b) where the relative change of the ions displace-
ments δ(∆z) = (∆z′ −∆z)/∆z × 100%, (∆z′ stands for
ionic displacements at the considered pressure (P 6= 0),
and ∆z corresponds to zero pressure) is shown for two
representative pressure values of 2.0 GPa and 4.1 GPa.
Lattice distortions in LaAlO3 are reduced by 15% for the
largest studied pressure, whereas they increase in SrTiO3
by more than 25% (a sketch of this effect is also shown
in Fig. 1). It should be mentioned here that the ionic
displacements in SrTiO3 are much smaller than those in
LaAlO3 (see Fig. 3(b)). The observed structural changes
are accompanied by an enhancement of the integrated
interface charge, localized in the SrTiO3 portion, from
0.09 e−/u.c. for 0 GPa to 0.13 e−/u.c. for 4.1 GPa,57
i.e. by approximately 45% (see Fig. 7(a)). The charge
increases almost linearly as a function of the applied pres-
sure, although there is apparently a plateau near 1 GPa
which compares well with the saturation region for the
experimental curve on Fig. 6. The characteristic charge
distribution, shown in Figure 3(d) for the zero-pressure
case, does not change qualitatively for larger pressures.
The n-type charge carriers in this slab are distributed
over the whole SrTiO3 film, and p-type charges with the
same total density are localized within a few atomic lay-
ers near both LaAlO3 free surfaces. For each value of
pressure, 85% of the local 2DES charge on the interfa-
cial Ti cations is accommodated by the dxy orbitals. The
situation is opposite far from the interface, where the
dxz/dyz states dominate. Summed over all SrTiO3 layers,
the total charge of the 2DES contains around 35% dxy
character and the rest has dxz/dyz character. Under pres-
sure, the charge densities of both the dxy interface states
and the dxz/dyz states (in-depth propagating into the
bulk part of SrTiO3) increase (Fig. 8), giving rise to the
aforementioned overall enhancement of the 2DES carrier
concentration by 45%. The layer- and orbital-resolved
charge profiles for the thicker slab with 20.5 STO u.c. at
zero pressure and P = 2.1 GPa are shown in Fig. 22.
Analyzing the curvature of the light dxy and heavy
dxz/dyz bands near the Γ point of the Brillouin zone
(Fig. 9) we determine the effective electron masses in
units of the electron rest mass (m∗/me). At zero pres-
sure, m∗/me for the light and heavy bands are 0.46 and
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FIG. 8: Orbital-resolved 2DES charge density vs. applied
pressure. Similar to Fig. 7(a), the effect of the additional
lattice reconstruction under pressure is included here. The
charge density represents the sum over all SrTiO3 layers.
84.17 while at 4.1 GPa, the values are 0.44 and 3.88 re-
spectively. These results would suggest a slight enhance-
ment of the mobility of the 2DES charge carriers, which
contradicts, however, the low-temperature experimental
observations in the present work. In the following, we will
try to resolve this puzzle by analyzing the polarization in
LaAlO3 as well as the dielectric response in LaAlO3 and
SrTiO3 as a function of pressure.
1. Polarization in LaAlO3
We performed a Berry phase analysis40 of the elec-
tronic polarization of selected structures which, together
with the ionic contribution, describe the response of
LaAlO3 to the interface polarity and strain conditions.
In order to estimate the polarity within the relaxed
LaAlO3-SrTiO3 heterostructure, we cut the third unit
cell of LaAlO3 away from the interface (IF+3) out of the
slab and form an artificial new bulk material (Fig. 10)
with the distortion of the heterostructure. Important
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FIG. 9: Band structure of the n-type LaAlO3-SrTiO3
heterostructure for the (a) zero-pressure case and (b)
P = 4.1 GPa. The lowest occupied Ti d conduction bands
are indicated by the thick lines, whereas the background band
structure is plotted using thin gray lines. The lowest light
band has the largest weight on the interfacial Ti dxy states,
while the single heavy band has contributions from all TiO2
oxide layers and is composed mainly of the dxz/dyz states of
the more distant Ti sites. The site-resolved analysis of bands
was performed using the PyProcar code.39
features, captured by this artificial bulk LaAlO3, are the
tetragonal distortion along the [001] direction as well as
the La-O and Al-O ionic displacements. The latter are
zero in the normal bulk LaAlO3 and can be stabilized
only in the heterostructure. These structural features
are similar for all LaAlO3 unit cells along the growth
direction, so we consider the newly constructed artificial
bulk as representative of the whole LaAlO3 film.
Both in LaO and AlO2 atomic planes, the displace-
ments between cations and oxygen atoms are positive
along the [001] axis (Fig. 10) oriented away from the
interface. In order to calculate the dipole moment of
this system, we define a centrosymmetric counterpart
with the same lattice vectors where all displacements are
zero. Starting from this high-symmetry phase, one can
gradually approach the low-symmetry phase through lin-
ear interpolation of atomic coordinates (see, for exam-
ple, Ref. 41). The energy profile calculated along the
deformation path (Fig. 10(b)) indicates that the low-
symmetry phase is unstable in the bulk since the high-
symmetry phase is 80 meV/u.c. lower in energy. How-
ever, for each intermediate structure, one can estimate
the electric dipole moment and, therefore, determine the
total change of polarization along the aforementioned
path. The latter value is taken as the polarization of
the distorted LaAlO3 structure.
Using this procedure, we find that both ionic and
electronic contributions are non-vanishing in the studied
case. For the LaAlO3 cell taken from the fully relaxed
heterostructure with n = 5 LaAlO3 layers and at two
pressures (2.0 and 4.1 GPa), the total values of the lat-
tice polarization are presented in Table I, compared to
the zero-pressure case. The observed decrease of the lat-
tice polarization for larger pressures is consistent with a
considerable suppression of lattice distortions (Fig. 7(b)).
In general, the polarization is oriented towards the free
LaAlO3 surface, which means that it partially screens the
interface charge. This explains why the observed densi-
ties of the 2DES at P = 0 are almost an order of mag-
nitude smaller than the value of 0.5 e−/u.c predicted by
the polar catastrophe model. Understandably, the 2DES
density becomes larger when the polarization of LaAlO3
(a) LaAlO3[001]
-39.44
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-39.32
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FIG. 10: (a) Unit cell of the distorted LaAlO3 and (b) the po-
tential profile E(δ) for the transition between the centrosym-
metric (δ = 0%) und polarized (δ = 100%) tetragonal phases.
9TABLE I: Total lattice polarization p of LaAlO3 (in units of
µC/cm2 and e · A˚) and the interface charge density σ calcu-
lated as functions of the hydrostatic pressure applied on the
LaAlO3-SrTiO3 system with 5 u.c. of LaAlO3
P (GPa) p (µC/cm2) p (e · A˚) σ (e−/u.c.)
0 34.5 1.22 0.09
2.0 31.5 1.12 0.11
4.1 30.1 1.04 0.13
and, therefore, the lattice screening are reduced under
pressure. If the lattice distortions were not present, then
the screening would be close to zero and the interface
charge Q would approach its maximal value of 0.5 e−,
as expected from the polar catastrophe scenario in its
simplest version and confirmed by the large carrier den-
sity obtained in our calculations for the unrelaxed het-
erostructures (Fig. 3(c)). In reality, however, the finite
thickness of LaAlO3 together with structural relaxation
effects lead to a non-vanishing induced lattice polariza-
tion. We expect our ab initio data for this polarization
to better agree with our measurements, which were done
in the absence of photo-illumination, since the latter in-
duces additional carriers that screen the polar disconti-
nuity and suppress the LaAlO3 polarization as well as
the internal field, as found in Refs. 42 and 43.
In view of the above discussion, one can reconsider the
effect of the GGA+U corrections on the lattice recon-
struction and electronic properties of the 2DES. In par-
ticular, we find a substantial increase by more than 200%
of the carrier density as the Ueff parameter on the La 4f
states varies between 0 and 8 eV (results not shown here).
The origin of this strong dependence can be found in the
structural features. Intralayer displacements in LaAlO3
are moderately suppressed for Ueff(La) = 8 eV, which,
according to the previous discussion, effectively reduces
the screening of the polar discontinuity and enhances the
charge density at the interface.
2. Dielectric properties
The dielectric response, both from the lattice and from
the electronic subsystems, was obtained using the formal-
ism described in Refs. 44 and 45.
Whereas the behavior of the lattice polarization in
LaAlO3 under pressure explains the experimental trends
of the 2DES density, another mystery remains to be
solved. Experimentally, we find that the interface re-
sistivity increases as a function of pressure, although
the carrier density becomes larger. This implies that
the mobility of the electron system is significantly re-
duced. However, at the beginning of this section we have
seen that the observed changes in the band structure un-
der pressure cannot explain this reduction. In searching
for an explanation to this puzzle, we turn our attention
to the pressure-dependent dielectric permittivity of the
LaAlO3 and SrTiO3 portions of the studied heterostruc-
ture, which are arguably different from their bulk coun-
terparts. The dielectric properties have an impact on the
screening of charged impurities and therefore affect the
sample conductivity.
In the first step, we study the dielectric response of
the distorted “bulk” LaAlO3, in view of the polarization
effects discussed above. One has to distinguish between
the contribution of the lattice (εion(ω)) to the complex
permittivity ε(ω), which prevails at low frequencies, and
the electronic dielectric constant εel(ω), which shows os-
cillations at higher frequencies, usually in the THz re-
gion. Our results indicate that the electronic tensor
εel(ω) is diagonal with slightly different in-plane and out-
of-plane components due to the tetragonal distortions
in the LaAlO3. The effect of increasing pressure is al-
most negligible for εel(ω) (not shown here): characteris-
tic peaks shift only slightly towards higher frequencies,
and the static permittivity reveals almost no dependence
on pressure.
A larger effect can be expected from the lattice re-
sponse of LaAlO3, which is well known to give the largest
contribution to the static dielectric permittivity.44 It can
be determined from the vibrational modes and Born ef-
fective charges. Due to the epitaxial strain, the dielectric
permittivity is an anisotropic tensor, which turns out,
however, to be diagonal, similar to εel(ω). The anisotropy
makes the in-plane components εx,y larger and the out-
of-plane component εz smaller than the bulk value (28.7
in our calculations for the equilibrium lattice volume).
Our findings reveal a large pressure-induced reduction
of all components of the ionic dielectric tensor, in con-
trast to the electronic counterpart, which shows almost
no changes. At the end, this gives a sizable suppres-
sion of the total static permittivity tensor with applied
pressure (see Fig. 11). The in-plane components εx,y are
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FIG. 11: Pressure dependence of the static dielectric per-
mittivity ε′(ω = 0) (real part) of LaAlO3 and SrTiO3.
In each case, the structure is taken from the middle unit
cell of the corresponding material in the fully relaxed
(LaAlO3)5/(SrTiO3)8.5/(LaAlO3)5 slab, shown in Fig. 3(a).
The values of ε′ for bulk oxides with their native cubic struc-
ture are marked by the dashed horizontal lines. Off-diagonal
elements are negligible and are, therefore, not presented here.
In each panel, the lines connecting points on the plot are
guides to the eye.
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most affected in this process, and the out-of-plane com-
ponent εz remains practically constant, i.e. the LaAlO3
oxide becomes dielectrically more isotropic with growing
pressure, which must be due to the suppressed ionic dis-
placements.
We perform an analogous study for the SrTiO3 sub-
strate. A crucial difference, however, is the electronic
structure, which is metallic throughout the whole SrTiO3
layer in the case of 8.5 SrTiO3 unit cells in the slab. For
that reason, if we consider a local cut of its structure, its
bulk insulating properties cannot be directly related to
those of the heterostructure. Nevertheless, we might con-
sider, in the first approximation, the effect of lattice de-
formation in SrTiO3 under pressure on the dielectric ten-
sor, calculated for the insulating bulk phase with a struc-
ture taken from the central unit cell of the slab. Due to
the mirror symmetry, the intralayer ∆z are zero, so that
only tetragonal distortions are present. In Fig. 11 (right
panel), the calculated out-of-plane component εz drops
rapidly against external pressure, while the in-plane com-
ponent shows much smaller changes. This is the opposite
situation compared to LaAlO3, where the in-plane εx,y
showed the largest response to pressure. However, both
materials demonstrate a substantial suppression of their
dielectric constants as the hydrostatic pressure is applied.
We note that our calculated structures show an almost
constant c/a ratio for the studied pressure range, which
means that the SrTiO3 lattice parameter is simply scaled
down with increasing pressure. In this respect, we can
compare our results with related experiments46 on bulk
SrTiO3 with cubic symmetry, summarized in Fig. 12.
These experiments demonstrated a pressure-dependent
dielectric constant ε′(P ) = C/(P − P0) that decreases
monotonically with pressure, similar to a Curie-Weiss
law.
At this point, we can address the issue of reduced mo-
bility of the 2DES. As we discussed previously, due to the
suppression of lattice polarization in LaAlO3 under pres-
sure the screening of the polar discontinuity is reduced.
As a result, the density of the interface charge carriers
is enhanced. If crystal defects or impurities were present
in both parts of the heterostructure, they would serve as
scattering centers for the charge carriers from the 2DES.
By increasing pressure, we find a clear decrease of the
dielectric constants of both LaAlO3 and SrTiO3. This
results in a less effective screening of crystal defects by
the lattice ions and, consequently, a higher scattering
rate for the mobile charge carriers. We argue that this
might be the origin of the reduced mobility that leads to
an increase in sheet resistivity, as shown in Fig. 6(a,c).
V. CONCLUDING REMARKS
In this paper, we performed a combined experimen-
tal and theoretical study of the hydrostatic pressure ef-
fects on the electronic properties of the 2DES in LaAlO3-
SrTiO3 (001). On the one hand, experimental results
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FIG. 12: Measured pressure dependence of low-temperature
dc-dielectric constant of SrTiO3 single crystals as compiled
from the literature.47–49 The data of reference48 were mea-
sured at a bias field of 2.5 kV/cm, the other data without
a bias field. The original data were taken at temperatures
close to 4.2 K, but not necessarily at 4.2 K. If necessary we
interpolated or extrapolated the measured data to 4.2 K. The
solid line presents a fit to the function ǫr(P )=C/(P -P0) with
C=1420 GPa ± 60 GPa and P0=-0.06 GPa ±0.01 GPa.
of this work show that the density of the electron sys-
tem is considerably enhanced by moderate pressures, i.e.
by almost 100% at ∼1.6GPa. This phenomenon can be
explained by the induced lattice reconstruction of the
LaAlO3 film, which acts against the interface charge and
can be partially suppressed by the external pressure, as
demonstrated by our first-principle analysis. Other ef-
fects by which pressure alters the carrier density can-
not be discarded, but our measurements did not give
indications of their existence. On the other hand, the
calculated static dielectric permittivity decreases under
the influence of pressure for both materials (LaAlO3 and
SrTiO3), which at least partly accounts for the experi-
mental observations of the enhanced interface resistivity.
The interface screening is an orbital-dependent phe-
nomenon: clearly, the dxz/dyz states propagate much
further, into deeper layers of SrTiO3, whereas the dxy
states are more localized within 3–4 u.c. near the in-
terface. Our calculated results with thick slabs indicate
that 7 u.c. of SrTiO3 are involved in the formation of the
2DES. An important issue here is the band gap of both
oxides. In our GGA+U calculations with U = 4 eV on
the Ti d states, the band gap of bulk SrTiO3 is estimated
to be equal to 2.4 eV, which is closer to the experimental
value (3.2 eV) than the standard GGA estimate (1.8 eV).
Nevertheless, the delocalization effect might be slightly
overestimated in our calculations. This should not affect
qualitatively the statements concerning the total electron
density changes in response to the external pressure.
Further open issues are, for instance, point defects
and their role under high pressures. Recently, polarity-
induced defect formation at ambient pressure was dis-
11
cussed as an alternative origin of the 2DES50,51 in order
to resolve certain purported shortcomings of the polar
catastrophe scenario. It cannot be completely ruled out
that, under pressure, these defects produce additional
carriers . We believe, however, that our calculations of
the ideal LaAlO3-SrTiO3 structure still uncover relevant
processes that occur under pressure. Whereas the defect-
free LaAlO3 and SrTiO3 layers in our study demonstrate
large dielectric changes under pressure, which affect both
the density and the mobility of the 2DES, it might well
happen that the concentration and distribution of de-
fects in both materials are not constant58 as well, which
would have an important effect on the dielectric response.
The observed increase of the 2DES density would be fur-
ther enhanced when the negatively charged oxygen de-
fects, possibly present at the AlO2 surface,
42,52 multiply
at higher pressures. Verification of this hypothesis merits
further study.
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Supplementary Material
In the following section we compile figures of measurements and calculations as supporting information to our work.
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